INTRODUCTION
Cancer cachexia is a syndrome defined by weight loss and reduced muscle mass (i.e. sarcopenia) with or without loss of fat mass that results in reduced physical performance and functional impairment and correlates with a poor prognosis [1, 2] . The underlying pathophysiology is characterized by decreased nutritional intake, a pro-inflammatory state, decreased physical activity and increased resting energy expenditure [2] [3] [4] . Cachexia is particularly common in patients with upper gastrointestinal and lung malignancies. The prevalence of weight loss in patients with cancers of the pancreas, stomach, esophagus, and lung is 83, 83, 79, and 60%, respectively [5, 6] .
Cancer cachexia can have a direct impact on survival; for example, up to a third of patients with pancreatic cancer will succumb primarily because of the adverse effects of cachexia [1, 7] .
Development of therapies specific for cancer cachexia has proven difficult and no current standard treatments exist. Successful interventions for cancer cachexia could be very meaningful as studies suggest that the stabilization of weight is associated with improved survival and enhanced quality of life [8] . The development of efficacious intervention strategies for cancer cachexia is crucial in order to effectively deliver chemotherapeutic and novel antineoplastic therapies to patients.
In September 2015, clinicians and researchers convened for a Symposium on Cancer Cachexia and Sarcopenia at the University of Rochester Cancer Center (URCC) National Cancer Institute Community Oncology Research Program (NCORP) Research Base. In addition to expertise in cancer cachexia, participants (n ¼ 25) had diverse backgrounds in multiple fields including sarcopenia research, geriatric oncology, surgical oncology, medical oncology, endocrinology, palliative care, pharmacologic interventions for sarcopenia, and exercise and muscle physiology. The content and speakers were selected to feature three broad themes: establishing how cachexia and sarcopenia are defined and measured; designing clinical trials with pharmacologic interventions that disrupt the biologic underpinnings of cancer cachexia; and investigating exercise as a therapeutic strategy to improve outcomes.
DEFINING AND MEASURING CANCER CACHEXIA
Written across a single patient's chart, one may read: 'cachectic', 'malnourished', 'frail' (temporal), 'wasting', 'muscle atrophy', or 'sarcopenic'. The many terms used to describe changes in body composition highlights the difficulty in studying cancer cachexia.
The formal definition of cancer cachexia has evolved over the past 10 years. At the Cachexia Consensus Conference in 2006, experts defined cachexia as 'a complex metabolic syndrome associated with underlying illness and characterized by loss of muscle with or without loss of fat mass' [9] . This conference also laid out specific criteria for the diagnosis of cachexia (Table 1) . In 2008, the SCRI-NIO (Screening the Nutritional Status in Oncology) working group defined cachexia as suffering from greater than 10% weight loss; any degree of weight loss less than 10% was characterized as 'precachexia' [10] . Patients were further divided into classes by the presence or absence of fatigue, anorexia, and early satiety. Despite the lack of a measure for muscle or fat mass, the SCRINIO contribution is significant for recognizing precachexia and developing a classification system that illustrates the variability within the cachexia syndrome.
KEY POINTS
The study of body composition, or morphometrics, using cross-sectional imaging or DXA has helped characterize outcomes in cancer cachexia though its utility in clinical decision making is unknown and warrants further study.
Intervention trials in cancer cachexia should focus on well vetted biologic targets and be evaluated by standardized, clinically meaningful outcomes, including patient-reported outcomes.
Though relatively understudied in this field, there is strong pathophysiological rationale to evaluate exercise as an intervention for cancer cachexia; multiple studies are ongoing. In 2011, an international consensus definition of cancer cachexia characterized this syndrome as a loss of skeletal muscle mass 'that cannot be fully reversed by conventional nutritional support and leads to progressive functional impairment' in patients with a cancer diagnosis [2] . This international consensus panel established the following diagnostic criteria that are now considered by many as the gold-standard: greater than 5% weight loss over the previous 6 months or at least 2% weight loss with either a BMI less than 20 kg/m2 or evidence of sarcopenia. These diagnostic criteria have established sarcopenia as an important component of cancer cachexia. Described as a spectrum that patients do not necessarily progress through in its entirety, the international expert panel divided cancer cachexia into three stages: precachexia, cachexia, and refractory cachexia [2] . Precachexia is described as weight loss that is less than 5% accompanied by 'metabolic changes' such as anorexia or impaired glucose tolerance. Cachexia and refractory cachexia, the latter described as an Eastern Cooperative Oncology Group (ECOG) performance score of 3 or 4, a prognosis of less than 3 months and cancer with procatabolic features and not responsive to treatment, are very specific and provide a framework for validation in future trials. Future research should be aimed at providing a more precise definition of precachexia to enable enrollment of precachexia patients in cachexiadirected therapeutic clinical trials.
There is considerable overlap in the definitions of cachexia and sarcopenia as both are characterized by muscle deterioration leading to functional impairment [2, 11] . How these two syndromes differ is evident by their Greek word roots. Cachexia, consisting of 'kakos' meaning 'bad' and 'hexis' meaning 'condition', implies a debilitating disease process [12] . Sarcopenia, conversely, is made up of 'sarx' meaning 'flesh' and 'penia' meaning 'loss', describes a disorder that involves tissue or muscle loss [13] . Sarcopenia is not exclusive to chronic illnesses such as HIV or cancer, and can occur in the context of the normal physiologic processes of aging or deconditioning. In other words, many patients with cancer cachexia suffer from sarcopenia, but many patients with sarcopenia do not suffer from (cancer) cachexia.
Early definitions of sarcopenia focused solely on the loss of muscle mass that assumed loss of function [11] . However, muscle strength can be preserved in patients with low muscle mass [14] . So, although the reduction in muscle mass is usually associated with loss of strength and function, the relationship is nonlinear, suggesting that reduced strength in sarcopenic individuals is related to both muscle mass and other factors [15] . More recent definitions of sarcopenia have incorporated function and physical performance to better characterize this population (Table 2 ) [12, 16] .
Lack of widely accepted definitions for both cachexia and sarcopenia have, until recently, held back significant progress in evaluating and treating cancer patients who experience weight loss and muscle breakdown [2] . Collaboration and consensus in how we define, identify, and characterize changes in body composition are crucial to the design and implementation of clinical trials and the development of better intervention strategies.
Measuring body composition
The complex relationship between body composition and cancer outcomes, namely overall survival, has been studied using various measurements in clinical research. BMI is a measure that translates well to the clinic, and offers modest utility in identifying cancer cachexia when a patient presents with a BMI less than 20 kg/m2 the BMI is less than 20. More recently, BMI has become less useful in cachexia research as the demographics of body composition are changing in western countries with the advent of the obesity epidemic; only a small minority of cancer patients now present severely underweight (BMI less than 20) [17] . Elevated BMI has been found to be associated with improved survival after patients are diagnosed with cancer whenever stratifying by BMI alone [17] . However, obese patients with cancer who experience some degree of weight loss and have corresponding muscle loss on cross-sectional imaging actually have a similarly poor prognosis when compared with cancer patients who have a BMI less than 20 [17, 18] . This 'obesity paradox' suggests that studies of cancer cachexia should focus not only on the patient's height and weight, but also on more precise measurements of fat and muscle mass. Morphometrics, the study of body shape and form, is a growing area of interest in sarcopenia and cachexia research. Dual energy X-ray absorptiometry (DXA), computed tomography (CT), and magnetic resonance imaging (MRI) are considered the standards for morphometric evaluation as all the three can provide quantification of adipose and muscle tissues and distinct body compartments [19] . DXA is a less expensive technology, but is not commonly employed in clinical oncology practice. Cross-sectional imaging with CT or MRI is widely used for staging and therapy response assessment and is often performed serially making it an ideal modality to follow changes in muscle or fat mass. A single slice abdominal cross-sectional image, most commonly at the level of the L3 vertebra, can provide a composite analysis of total body skeletal muscle and fat mass distribution [20] . The approach is user-friendly and can be taught to nonradiology clinicians or researchers. Although morphometrics has provided insight into negative associations between cachexia and various cancerrelated outcomes like survival and treatment toxicity [17, [21] [22] [23] , there is scarce evidence demonstrating the use of these measurements in a prospective manner to influence patient care. Studies currently under development are utilizing cross-sectional imaging to direct clinical decision making and hopefully will elucidate the role of morphometrics in daily practice (NCT01624051).
CANCER CACHEXIA CLINICAL TRIAL DESIGN

Patient selection
Utilizing the clinical spectrum of cachexia could aid in selection of patients for cachexia-specific clinical trials [2] . Early intervention is key; the effects of cachexia are likely irreversible at end-stage. In a study of 34 colorectal cancer patients in the last year of life, a logarithmic acceleration in loss of lean muscle mass and adipose tissue was observed during the 2 months prior to death, suggesting changes too rapid to overcome [4] . Patients with precachexia may benefit the most by interventions aimed to preserve weight, muscle mass, and function.
Designing clinical trials for patients with precachexia is challenging because there are no specific diagnostic criteria for these patients, there is a lack of reliable biomarkers for precachexia [2] , and many patients with cancer are already suffering from overt cachexia at the time of their diagnosis. For example, over 40% of patients with surgically amenable pancreatic adenocarcinoma were found to have greater than 10% weight loss prior to surgery [24] . In a large cohort study, investigators were able to show that elevations in branched-chain amino acids (BCAAs) were associated with increased risk of pancreatic cancer, particularly between 2 and 5 years prior to diagnosis [25] . In this same report, in mouse models, the rise in BCAAs in pancreatic cancer was tied to tissue protein breakdown, particularly in fast-twitch muscle fibers. This data suggests that metabolic changes in muscle are an early event in pancreatic cancer development, possibly predating gross evidence of tumor formation. Initiating cachexiadirected therapy earlier in the course of disease (i.e. at diagnosis) may translate to improved outcomes or attenuation in the progression of cachexia. Demonstrable positive effects of precachexia interventions may be marginal, however, given the subtle change in weight and mass from a patient's baseline; efficacy benchmarks should be adjusted accordingly and focus more on maintenance of weight and function.
Finally, cachexia intervention trials should enroll patients with relevant tumor types. There is a dearth of phase II and phase III trials that specifically focus on gastrointestinal cancer cachexia [26
Given that cancer cachexia is most prevalent in gastrointestinal cancers [5] , phase II and III intervention trials in the future should include patients with pancreatic, gastric, esophageal, and colorectal cancers.
Pharmacologic interventions for cancer cachexia
Clinical trials aimed at stabilizing or improving weight have failed to produce approved therapies for cancer cachexia. Early intervention studies focused on anorexia and weight stabilization through appetite stimulants. Megestrol acetate, corticosteroids and cannabinoids have all been studied with varying results. Although these agents are shown to increase appetite and aid in weight stabilization, sustained improvements in physical performance and prolonged survival have yet to be demonstrated [28] [29] [30] . The riskbenefit ratio of these interventions needs to be examined carefully as all the three are associated with significant side effects. In a Cochrane review of 35 trials, edema, thromboembolic disease, and death were more frequent in megestrol acetate-treated groups than comparators [31] . Although decreased caloric intake is undoubtedly a contributor to muscle and fat mass loss, repleting nutritional stores alone is unlikely to result in lasting benefits, given the metabolic complexities of cachexia.
Promoting anabolic effects on muscle and fat by targeting neuroendocrine pathways is another strategy that has been studied for cancer cachexia. Anamorelin, a ghrelin receptor agonist, and enobosarm, a selective androgen receptor modulator (SARM), were investigated in phase III placebo-controlled clinical trials in cancer cachexia. Although neither drug is currently approved for cancer cachexia in the United States, the two strategies serve as examples of cachexia clinical trial innovation.
Ghrelin and ghrelin receptor agonists
The development of anorexia in cancer is multifactorial and can be caused by mechanical or tumor obstruction, alterations in taste and smell caused by cancer or cancer therapy, impaired gastrointestinal tract motility or hormonal changes that result in a decreased central drive to eat [32] . Ghrelin is released from the stomach in response to prolonged fasting and binds to ghrelin receptor 1a (GHS-R1a) which is expressed on the orexigenic neuropeptides agouti-related protein (AgRP) and neuropeptide Y (NPY). Ghrelin has been labeled as 'meal initiating'; administration of ghrelin has been shown to increase food intake in healthy volunteers [33] and increase caloric intake in patients with cancer and impaired appetite [34] . Ghrelin levels were found to be significantly elevated in patients with cancer cachexia when compared with individuals without cachexia. Ghrelin is increased in various cancer diagnoses and across all stages, suggesting that ghrelin may be a specific biomarker for the cancer cachexia syndrome rather than for a specific malignancy [35] .
Preclinical models also demonstrate the association between ghrelin and cancer cachexia. In both in-vitro and in-vivo models, ghrelin inhibits skeletal muscle atrophy [36] . Mice treated with cisplatin or implanted with Lewis Lung Carcinoma (LLC) tumors developed weight loss, loss in lean body mass, decreased grip strength, and reduced myocyte cross-sectional area in the tibialis anterior muscle. These changes were prevented by administration of ghrelin and, most notably, ghrelin treatment improved survival [37] .
Anamorelin is an orally available, selective ghrelin receptor agonist with a half-life nearly double that of ghrelin [38, 39] . In an integrated analysis of two randomized, placebo-controlled phase II trials in patients with cancer cachexia, anamorelin demonstrated an acceptable safety profile and significantly improved lean body mass [40] . Two of the largest randomized phase III intervention trials in cancer cachexia to date, ROMANA 1 and ROMANA 2, investigated the use of anamorelin in a 2 : 1 placebo-controlled, double-blinded fashion. A combined 979 patients with advanced nonsmall cell lung cancer (NSCLC) with a BMI less than 20 kg/m2 or greater than 5% weight loss in the previous 6 months were enrolled [27 && ]. Anamorelin significantly improved lean body mass and appetite, but did not improve handgrip strength, the co-primary endpoint; overall survival was similar between groups.
Despite an improvement in lean body mass and an excellent safety profile, the initial report of the ROMANA trials has not yet led to United States Food and Drug Administration (FDA) indication for anamorelin in cachexia. The FDA suggested that either improved survival or significant improvements in physical function may be required in addition to a gain in weight and lean body mass to attain approval [41] . Despite the mixed outcome of the ROMANA trials, the study of ghrelin agonists for the treatment of cancer cachexia should continue with further investigation in studies utilizing alternative, reproducible endpoints with significant clinical impact.
Selective androgen receptor modulators
Pro-inflammatory cytokines that are elevated in cancer cachexia can influence the gonadal axis. For example, IL-6 administration results in low testosterone levels in healthy men [42] . To further study this relationship, serum testosterone, inflammatory markers, and symptoms were assessed in men with cancer cachexia, men with cancer without cachexia (CWC) and noncancer controls [43] . Patients with cancer cachexia had significantly lower total testosterone levels than CWC controls. Additionally, cancer cachexia patients had lower lean body mass, fat mass, grip strength, poorer sexual function, and higher IL-6 levels than controls. Testosterone administration has been shown to increase lean body mass and muscle strength in men, but it can cause adverse side effects on hair, skin, and prostate tissues [44] . Selective androgen receptor modulators (SARMs) are nonsteroidal anabolic agents that are more tissuespecific (bone and muscle) than testosterone and do not undergo aromatization to estradiol. In rat models, SARMs increased muscle mass while shrinking prostate glands, demonstrating a better safety profile than testosterone supplementation [45] .
Enobosarm is an orally bioavailable SARM that was investigated in a randomized phase II, double blinded, placebo-controlled multicenter trial in patients with at least 2% weight loss in the preceding 6 months and one of the following cancer diagnoses: NSCLC, colorectal cancer, breast cancer, non-Hodgkin lymphoma, and chronic lymphocytic leukemia [46] . Significant increases in lean body mass, stair climbing power (a surrogate for physical performance), and quality of life were observed in the enobosarm groups (1 and 3 mg) with no differences in hair growth or PSA when compared with placebo. Annual Meeting showed a significant net increase in lean body mass (co-primary endpoint) in both enobosarm trial arms when compared with patients who received placebo [47] . The other co-primary endpoint, however, improved stair climb power, was met in only one of the two trials. Furthermore, this improvement was criticized as it did not represent a change from baseline, but a relative improvement when compared with placebo [48, 49] . Subsequently, enobosarm has not received an indication for cancer cachexia and GTx Inc, the Memphis, Tennessee-based company in USA, which developed the drug, has decided not to pursue further use of enobosarm in muscle disorders [49] . The development of enobosarm for cachexia should be recognized, however, as it provides a framework for future cancer cachexia-directed therapy trial design.
Trial endpoints
The ROMANA and POWER trials illustrate the difficulty in achieving improvements in physical performance in patients with advanced cancer and cachexia. The symposium attendees felt that demonstration of stability of weight, lean body mass, and physical performance are clinically relevant and should be considered as viable outcomes, but that other outcomes should be explored as well. Many of the symptoms of cancer cachexia, like fatigue, weakness, sexual dysfunction, and poor quality of life, cannot be objectively measured by imaging or laboratory testing. Patient-reported outcomes (PROs) for ROMANA 1 and 2 were presented at the 2016 ASCO Annual Meeting. Subjects with low BMI (<20 kg/m2) in the anamorelin cohort had significant improvements in anorexia and cachexia symptoms and fatigue [50] .
The symposium panel stressed the importance of PROs as valid endpoints in cancer cachexia studies. Although cachexia drug development is managed by the FDA's Division of Metabolism and Endocrinology, there is precedent for approval of oncologic therapies using PROs. In 1996, the FDA approved gemcitabine for treatment of pancreatic cancer based on an improvement in an endpoint termed 'clinical benefit': a composite score of patients' perceived pain and use of analgesia, change in weight, and capability of carrying out activities of daily living [51] . The use of this endpoint was applauded for its ingenuity by the Oncology Drug Advisory Committee (ODAC) of the FDA at that time [52] .
Given that the cancer cachexia syndrome has multiple underlying contributing factors including systemic inflammation, increased resting energy expenditure, physical inactivity, and anorexia, a combined modality approach may be needed to reach current established endpoints [41, 53] . Designing multimodality trials in cancer cachexia will be complex and continued input from the FDA on the approval process will be crucial [41] . Despite the completion of several large international phase III trials, it remains important to promote research in cancer cachexia at a smaller scale. Pilot studies with diverse PROs and innovative and widely applicable performance measures are essential to help design the phase III intervention trials of the future.
EXERCISE AS A THERAPEUTIC INTERVENTION IN CANCER CACHEXIA
Rationale for exercise
Exercise is an attractive behavioral therapy for cancer cachexia. Patients with cancer experience inhibition of protein synthesis because of inactivity and decreased caloric intake. Reduction in protein synthesis and an enhanced ubiquitin proteasome pathway, which increases protein breakdown, lead to a reduction in muscle force generation by shrinking muscle fiber area and diminishing muscle extensibility [54] . Chemotherapy can also contribute to muscle injury, including both skeletal and cardiac muscle, magnifying the clinical effects of cachexia [55, 56] .
Exercise results in muscle strengthening and improved physical performance by supporting protein synthesis and muscle growth. Additionally, exercise can reduce inflammation, potentially abrogating catabolic effects that are hallmarks of muscle wasting [57, 58] . Building or maintaining muscle mass through exercise training is a well-tolerated, low cost, and scientifically sound adjunct to antineoplastic therapy, and can be tailored to reach performance and functional endpoints. As an example, in randomized-controlled trials investigating resistance exercise in men (with or without cachexia) receiving radiotherapy for prostate cancer, the exercise group demonstrated significant improvements in quality of life, cancer-related fatigue [59] , muscle strength, and physical performance when compared with usual care [60] . Investigating the utility of exercise in cachexia is a natural next step. However, a recent Cochrane review determined that no randomized control studies have examined exercise interventions specifically in cancer cachexia [61] . A lack of a consistent definition of cancer cachexia has made it difficult to assess safety and efficacy of exercise in this population.
Feasibility of exercise interventions
Exercise regimens encompass a broad range of activities from low-intensity activities like walking or stretching to high-intensity resistance exercise. This breadth demonstrates that exercise is an intervention that can be utilized by most cancer patients. In a study of 231 cancer patients with a prognosis of less than 2 years, patients were randomized to exercise versus usual care [62] . Physical performance measured by handgrip testing and shuttle walk time significantly improved over an 8-week period. On average, patients completed 69% of scheduled exercise sessions, demonstrating that an exercise study is feasible in a cohort that carries a terminal diagnosis.
In a multisite phase III randomized-controlled trial examining the efficacy of exercise for improving cognitive impairment and inflammation, 479 nonmetastatic cancer patients receiving chemotherapy were randomized to EXCAP., a home-based, low-tomoderate intensity exercise regimen, or usual care [58] . In this study, 75% of patients participated at least 10 min per day at a low-to-moderate intensity level for at least 5 days per week for 6 weeks. This study also demonstrates that a group can be randomized to no exercise, as contamination was minimal; only 7 of 265 controls reported starting resistance training during the study period.
The trials above illustrate feasibility in terms of cost, implementation, safety, and reproducibility of exercise trials in patients with cancer. We expect the role of exercise in cancer cachexia to be further elucidated in the coming years, as several randomized trials are currently investigating exercise either alone or in combination with a pharmacologic agent (Table 3) .
CONCLUSION
For years, clinical investigation of cachexia focused on appetite stimulation and weight gain. Our improved biological and clinical understanding of this syndrome has resulted in innovative trial design and the development of therapeutics that target underlying mechanisms. Standardized definitions and diagnostic criteria established by expert consensus have enhanced our ability to study cancer cachexia. The URCC NCORP Research Base Symposium on Cancer Cachexia and Sarcopenia highlighted these advances and formulated the following research priorities in cancer cachexia: recognizing gaps in using morphometrics in clinical decision making, defining precachexia, capturing patients early in the disease process, difficulty in reaching physical performance endpoints in pharma trials, and the lack of clinical trials investigating exercise in cancer cachexia either alone or in combination with other nutritional or pharmacologic interventions ( Table 4 ). The panel remains committed to addressing these unmet clinical and research needs and intends to contribute to the work being performed internationally in this effort. Specifically, attendees have developed techniques to measure cachexia and sarcopenia, including PROs, to aid in clinical decision making and have designed and started to accrue patients to a randomized-controlled trial investigating exercise as a therapy for gastrointestinal cancer cachexia (Table 3) . Despite past challenges, we remain optimistic that standardized biochemical and clinical measurements will continue to evolve and that FDA-approved intervention strategies for cancer cachexia will be an integral part of standard clinical practice within the next decade. 
